Investigations of the cellular substrate for cerebellar learning have focused largely on a single form of plasticity, kinase-dependent long-term depression (LTD). In this issue of Neuron, Schonewille et al. provide evidence that calcineurin, a protein phosphatase required for long-term potentiation (LTP) and other cellular processes, may be just as important.
In the quest to understand the neural basis of learning and memory, the long-term potentiation of synaptic strength has been a dominant focus. From amygdala to cortex to hippocampus, it seems that LTP has been proposed as a major substrate for learning almost everywhere in the brain (e.g., Feldman, 2009; Neves et al., 2008; Rodrigues et al., 2004) . Everywhere, that is, except the cerebellum. In the cerebellum, it's been all about LTD. For decades, theoretical and experimental work has focused on testing the hypothesis that LTD at parallel fiber synapses onto Purkinje cells (''cerebellar LTD'') forms the primary substrate for cerebellumdependent learned behaviors (Ito, 2001) .
As in the hippocampus, synaptic activity in cerebellar Purkinje cells can lead to either LTP or LTD, depending on the level of postsynaptic calcium elevation (for review see Jö rntell and Hansel, 2006) . Large elevations of postsynaptic calcium activate kinasemediated signaling cascades while smaller calcium elevations, associated with weaker synaptic activity, activate phosphatases. The kinase/phosphatase switch regulates the phosphorylation state of AMPA receptors and ultimately synaptic strength. For all the similarities between hippocampal and cerebellar plasticity, however, there is one important difference-the end result is completely opposite. Kinases such as PKC and aCaMKII trigger LTP in the hippocampus, but lead to LTD in cerebellar Purkinje cells. Conversely, phosphatases, including calcineurin/protein phosphatase 2B (PP2B), are important for LTD in the hippocampus and are required for postsynaptic LTP in Purkinje cells (Belmeguenai and Hansel, 2005) .
It was suspected on theoretical grounds that Purkinje cell synaptic depression, rather than potentiation, might be important for learning years before cerebellar LTD-or hippocampal LTP, for that matter-was even discovered (Albus, 1971) . Between this prediction and the fact that it was the first form of synaptic plasticity described in the cerebellum, perhaps it is not surprising that LTD has been a central focus in the search for a neural substrate for cerebellum-dependent learned behaviors.
A typical approach has been to create transgenic mice to disrupt the function of key LTD signaling molecules and examine the effects on cerebellar learning. Two frequently used assays include adaptation of the vestibulo-ocular reflex (VOR) and classical eyeblink conditioning. In VOR adaptation, varying combinations of head rotation and rotation of the visual world leads to changes in the amplitude of the eye movement evoked by head rotation in the dark. In eyeblink conditioning, the association of a neutral stimulus, such as a tone, with one that elicits a reflexive blink, such as an airpuff to the cornea, teaches the animal to close its eyes in response to the tone. Many of these studies have supported the involvement of the same molecules in both LTD and cerebellar learning (for review see De Zeeuw and Yeo, 2005; Ito, 2001) , though the issue is not without controversy (Welsh et al., 2005) .
VOR adaptation and eyeblink conditioning both entail a level of behavioral complexity that is difficult to explain with a single, unidirectional plasticity mechanism, and several hypotheses have emerged that incorporate multiple sites and forms of plasticity to account for learning (e.g., Boyden et al., 2004; Medina et al., 2000) . One influential hypothesis has held that oppositely directed plasticity mechanisms, LTD and LTP, might work together to control different ''directions'' of learning (Boyden et al., 2004; Jö rntell and Hansel, 2006) . According to this idea, kinase-mediated cerebellar LTD would control increases in VOR gain and acquisition of eyeblink conditioning, while phosphatase-mediated LTP would contribute primarily to decreases in VOR gain and extinction of eyeblink responses.
While many transgenic mouse studies have investigated the role of kinase-mediated LTD in behavioral learning, until now none has tested the involvement of phosphatase-mediated LTP. In this issue of Neuron, Schonewille et al. (2010) do just that, by generating a Purkinje cell-specific knockout of PP2B and investigating its effects at the cellular and behavioral levels (Figure 1 ). They found that the PP2B knockouts had deficient LTP, as predicted by previous pharmacological studies (Belmeguenai and Hansel, 2005) . That was not, however, the only effect of PP2B elimination on Purkinje cell cellular physiology. Purkinje cell intrinsic excitability and the ability to potentiate this excitability were also altered.
Next, the authors subjected the mice to a series of behavioral tests. As has been shown to be true for LTD-deficient mice, the Purkinje cell PP2B knockouts exhibited impaired VOR performance, VOR adaptation, and acquisition of conditioned eyeblink responses.
By interfering with LTP and assessing behavioral outcomes, Schonewille et al. provide a key challenge to the ''directional'' hypothesis for cerebellar learning. The simplest form of that hypothesis predicts that decreases in VOR gain and extinction of eyeblink responses would be selectively impaired in PP2B knockouts. However, this was not the case, because acquisition of conditioned eyeblink and increases in VOR gain were also affected. The results were surprisingly similar to those of previous studies interfering with LTD pathways (for review see De Zeeuw and Yeo, 2005; Ito, 2001) . In fact, the acquisition of eyeblink responses was so impaired that extinction could not even be measured. The observation that disrupting LTP has remarkably similar effects to disrupting LTD, even at the same synapses, is a reminder that multiple plasticity mechanisms can operate in complex and sometimes unexpected ways within neural circuits; oppositely directed synaptic changes don't necessarily yield opposite behaviors.
Is LTP required for cerebellar learning? We can't say that for sure yet, for several reasons. First, while the knockout was restricted to Purkinje cells, it was not temporally specific. The authors found many important aspects of cerebellar circuit function to be normal in these mice, but the absence of PP2B throughout development could have had additional, chronic effects. Second, it is difficult to rule out entirely the possibility that baseline performance deficits resulting from PP2B elimination interfered with learning by altering the patterns of neural activity arriving at sites of plasticity. Finally, as with any knockout study, it is important to remember that molecules have multiple functions within cells. In this case, we already know that PP2B removal didn't just block LTP; it also affected the intrinsic excitability of Purkinje cells and the plasticity of this excitability.
While it is still too soon to issue a final verdict on the role of LTP in cerebellar learning, the study by Schonewille et al. clearly demonstrates that phosphatases and potentiation, and not just kinases and depression, need to be taken seriously as major players. An important question raised by the current study is to what degree the potentiation of synaptic inputs, the potentiation of Purkinje cell intrinsic excitability, and other as yet unknown functions of PP2B are responsible for the observed behavioral impairments. We can look forward to future studies that will elucidate the relative contributions of these PP2B-dependent physiological processes to determine which are responsible for which changes in behavior.
PP2B is, of course, just one piece of a larger puzzle. Recently there has been an explosion in the number and diversity of plasticity mechanisms described throughout the cerebellar circuit (for reviews see Gittis and du Lac, 2006; Hansel et al., 2001; Zheng and Raman, 2010) . Associative and nonassociative, short-term and long-term, presynaptic, postsynaptic, and nonsynaptic changes have been observed in response to a range of induction protocols at multiple synapses in various cell types. Increasingly acute and specific molecular manipulations, together with thorough behavioral analyses, are bringing us ever closer to the possibility of mapping these individual cellular phenomena onto specific aspects of behavioral learning. 
